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WODE-BASED NEWORK ANALYSIS AND

U. S. Gregory, B. D.

Loo

ABSTRACT

ITS A.PPLICATIOU TO HIMC VEMT’LLATIOM

by

Nichole, ●nd R. Idzorek

Alamo# WatLonel Laboratory

LOB Alemoc, Mow Maxico

A numoricsl procoduro to modol flow nstworks

usin~ ● nodo-basad ●pproach is diecueeod, ●nd the

●nmlyaie ancompaesss both ctoady-etata ●nd tran-

sleat solutions. A family of computar codmo hae
batn davolopad uoins Lho nodo-baegd approach.

Thlc tachnlquo io illuotratsd by applying two of

tho computor codaa to min. ventilation notworko.

IWTRODUCTIOM

A vantilatlon n~twork ●nalynlc method bmcod on

OUccomkiw nUMOriC~l corroctimc ●t nodao lo intro-
ducri Moat min. vontllatlon natwork cornputar

codas urn. SUCCOMSIVO numcrlcsl corroctlonc cf the
f’.ows in t network to ●chltvo t balanced, Tha#o

two approachsa first wore put forth by Hardy Croes
many yesrt ago (Croso, 1936). Tha flow corract.ion

method wan uood initially bocauno tharo ●ro fowor
flow sl?nultanoous ●qustlonn than nodal equationa,

●nd thlo uaa vary beneficial when balsncing ● not.-
work by hand c~lcuLationo. Howovor, using ● corn-

putor cod, to balance tha p:’aasuroo in the network
ovorcomoc th~a ●ppmrant dissdvsnlago tn tho nodal

●pproach.

S, S, Bhmidlpttl snd J. A, Procarlono dlocueo ●

linaar malynlu of flow nntworkn bsead on solving

nodal head ●quationm (Bhsmidipati ●nd Procarlono,

1986) . They us. a matrix aLproach to solvo tho
nodal not of equmtlonu ir~d raport that this fonnu-
lstlon off.ra signiflcmnt ●dvsntateo ovar Lradi-

tLonal natwork snalyeet,

Thw numerical procaduro dzacrkbod hors us.- ●n

ltarativo ●olut.lon molhod tnd producao both otoady-
ntato ●nd translont molutiono. In ●ddition, both

incornprossiblo ●nd cmpraasiblm flows csn ba tskan

into ●ccount. Flows, pranouras, tornpr~turme, dan-
Oitlco, ●nd msttrial concantrationn can ba calcu

latad

Ths mathamsLlca und numoricel procaduroe unod

when tomporaturo and dansity vmriat~one ara unim.

portant aro ~ivan, Wh@n the-a ●ffactr ●ro lmpor-
tsnt, th~ beslt: ●nelymis 1s ●atandad by adding mo-

montum ●nd anar~y ●quatlons to obtain the nolution

Thornc ●nalym~s hava rsaultmf in o~vsral cornput~r

MASTER

codos that ●ro ●seily undaretood by ● ventilation

●nginaor. Savoral clataical mino vontilat!on prob-

lems will b. ueod to illuetrata tho approach,

MU’FIERICAL SOLUTIOU PROCEDURE

Tornporatura mnd Doneity Vmriatlonn Unimportant

Tho volufno flxd rata, ~, to ralatod to tho

prornsuro drop (Pi - P ) for ● duct botwton two

{nodal locations an fo 10US,

(1)

whom
B~ ■ rseistanco of branch k,

M ■ constant, ●nd

Pi, P) ■ nodul prannuroo ●t ends of branch k,.

Applyin~ tho haslc nodal rolationmhlp of coneor-

vation of flow ●t tho nodom raquiros

If ● nod. contaln~ ● cortein volume or’ capacl-

tanco, tho following rolstionrnhip ●pplloc,

whoro

p . donslty,

R . gmc constant,

T . tsmpmraturo,

V ● nod- volum~,

t ● time, ●nd

Q~n, Qout ● branch flown
Volum ,

If th~ varkatlone of p and T
port.ant, they

arlalytis.

OISTfllBUTlOM

can b- traatod

(3)

n ●nd out of the

OF THIS00CUMENT 18URLIMITEO
222



Using s perturbation Lechniqua, wa note that for
s smell perturbation (6P), tho corroct valua for

proesura Pj in

Pj * Pj + dP , (4)

whore tha sign - indicates a temporary value. Re -
tumlng to Eq, (1) and substituting IZq, (4) glvem

Qk ■ Sk (Pi - Pj - 6P)M (5)

Uning a Taylor serieo ●xpanaion of Eq. (5) give- ●

llnear relationship between flow and pressl:re ●s

% .Ak-Ck Ap , (6)

where Ak ●nd Ck ●re temporary iterative valuee

based on previous values of preeaure. Equation (6)
can be cubctltu:ed into I!q. (2) to yield

Thin io assentla

od An implicit

to ●olve l!q, (7)

●ach node. The

(7)

ly a formulation of Uewton’a m~th-

Ltaratlvo numerical scheme ie used

for the preaaure correction ●t

terative procens continuer unLil
the pressure correction 4P-approached zero or until

● convergence criterion in met. Tho numerlcel
●chema i, ●ltered rnlightly for the equation of

state that was fomulated usin~ Eq, (3) for capac~-

tance nodet.

Tomperaturo/Den#lty Variatkono Important

For cases in which tmmperatura ●nd deneity

chanses ●ra ●evere, Ilq, (1) 1s not ●ufficiont b~-
caune the flow-preature reletlonehlp L# more corn-

pllcsted. In particular, the denmity varlatlon
munt be considered sirnultaneounly with the prcssurn
vtrietion, The ●pproach taken for theso cases is
outkinad in ● Los A1amoo Nationel Laboratory report

(Gregory ●t cl., 1979).

Because Cqs, (2) ●nd (3) ●re not ●dequate tcI do-
ncribe the consorvatlon of mase, kh~ Qnorgy ●qua.

tlon muot b. #dded to descrlbo tho flow dynmlcn,

Thue, we must l-e a numerical #chema to colve a -et
of nonllnehr ●ltebraic ●quatlone with two unknobme.

The conservation of mast can bt developod arn

followt.

(8)

whore hk ●nd ~k ●ra the mean and volumrntr’ic flow
roteo, renpoctlvoly, in branch k. Pk is tha den-
sity Ln branch k, ●nd qk 1- umod to ●djuut for tha

ProPor flow diroction~ qk - $ 1 for tha domutream

node of ● branch and qk . - 1 for the upstre~ node

!Zquation (~) can be made more general to ●now for

mass accumulation at the node by the fallowing re-

lationship [analogoun to lq. (3)1

(9)

where h- ie ●n ●rb~trary maae oource per unit t~ma

for the volume, V, of the nodn.

The second relationship required in thle ●naly-

●ls ie the ●nergy ●quation with its corresponding

●ffect on both nodal temperature and prmceuree.

The energy ●quation used iII the ●nalyeit ic

wh~re

v = branch velocity,

R ■ gae constant,

Y ● specific heat retie,

~ = brench temperature

■ epecific beet ●t constant valua,

Te . eource temperature:and

t. ■ ●nargy cource.

Thin ●quetlon Lo developod in datall in ● report by

Tang (Tang ●t tl., 1981).

In thie ●nalyoia, we require

latlonship between the preseure

ueed Ln Eq. (1), Uelng FIs, 1,
tion for branch flow M Lo

where

I = branch Lnertla,

fi 2
K (J+ Ki)&)+#+

●ff ■ 2tJ
i i

5+ (2D
L2+K ) (A )

j “ j

● more complex re-

●nd flow than that
Lhe momentum ●qua-

(1A)

2

K

(11)

The duct flow equation [Kq, :11)] lo derived iri

moro detail in Tw-Ic (Tang, 1002), The true up.
●tream nod. danBity and the presnura diff+rentinl



al= + ~zla + ;
1 [ 1(Pj-PJ-~rno =0 , (22)

(23)

FIGURE 1. Brunch with sudden area change
(24)

I

}

/(2aA + v ) ,

Atpl
nra (PI - P2), not (Pi - Pj). ao when tha flow is

ponitive from i to j, where

a.%
2A=

P2=Pj. (15)

(25)

(26)

Howovar, PI and Pi arc connected throuSh the iemn-
tropic relation

Ttiming to the mans conrervs’~

[Eq. (9~1, it~ finite-differonr.o

on ●quation

form in

(16)

‘~ (Pi -Pi) - tq,,~ + Me ,

0

with

with pin balng tho nod. dansity at tho previous

time. Ii. put tho variations of pi ●nd ~ into

‘Y VL2

Ti +
2C ‘T1 ‘ ~ “

P

Eq, (26) and obtainad

•lld~i + a124~i E bl ,

whera

●ll - s~(kek ,

~ + tqkf!k , and
a12 ■ At

bl ■ Zqk\ ● ifs + ‘~ (Pi - ?,)
o

(27)

(17)

For tha density rwlhilonshlp, we havo

P, T, .~_
(2fla)

(2flb)

(28C)

1 .r . (-:)y.l ‘

‘i p 1

(18)

Th@rofora, tha conl inu !y between 1 ●nd 1,

(19)

for ● Biven m ●nd node

m ■ PIvIA1 = PIv]A1

can be solvad to ubtalr, r

condition
Cquation (17) contalno two unknowns, d~i ●nd d~i,
Ue nood tho •nar~y ●quation to eomplote the eyotem

Using the ●nergy ●quat~on snd th~ concept prt-
oentod ●bove with much ●lgebraic manipulation

yields

●21 f+i ● 922 ~?i u bl n (?9)

what-a

L + RY IqkCe ,●?l 8 At
k

•~~ ● RY tqkt~k , ●nd

W. can cant the flew •q~ation Into ● fomn simi-

lar to Eq, (6) by ●ddinp, ~oth tho perturbation
profisura tnd dtneity.



b2=~(Pi-pi)+Ry
[

rqkFe

o k

Ii

1
+!iT+$.

as
P

The undefined variables in the above equat

c =C(T+Ra)+AT (h-%
●

F
T

Pi

c
+ 2Re (C - ~ # ‘

E =E(T+R@)+
●

+ 2Re (E

Ke = +- (+

2A C
P

P ‘i

r .F- !L (z,
P P T-1

‘T

2,

(30C)

ons are

(31)

(32)

(33)

(34)

(35)

(36)

(31)

(38)

r-
‘T “ T,

Azi s (a12b2 - a21bl)/(a11a22 - a12a21) (43)

me correction ternu JPi and “d~l are I!eed in the
numerical ccheme explained above for the constant

temperature and danelty cane.

COUPUTER CODES

The numerical solution procedure we developed
.- ,..

ham led

codes.

TVWT -

EVENT -

TOR.AC-

f!XPAC -

FIRAC -

to the development of a tami~y or computer

A cormputer code that cen determine the

prossur9s ●nd flows in an ●rLitrary ven-

tilation network for steedy-state and mild

traneient conditions (Ouerra et al.,

1978).

A computer code that can determlna the

pressures, flows, densitias, ●nd tempara-

turee in arbitr~ry ventilation networkn

for steady-etate nnd severe transient

conditions (Tang ●t ●l,, 1983),

The same capsbi!’tian rs TVENT, but it
includee the capability for tranoport of

●eroaola (And:-- et al., 1985).

The same capabilities ●s EVENT, but it

incl.udaa the capability for tranaport of

aeroso~s (Uichole et al., 1987).

A comutar coda that can detamnlna the

praos~ras, flows, dennitiaa, tempara-
tureo, ●nd heat trann?or in ●n arbitrary

ventilat~on network. ?i-a propagation

●nd smoka trancport ●re included (Nichols

●t ●l,, 19S6).

All of the computer codos srn baead an the nods;

concept outlined nbova. The ●irflow pathways can

include nultiple lnterconnectad rooms, dampere,

filtere, ●nd blowers. The transient poriionm of

the codac ●re UE04 to eirrulate the ●ffect.a of ●c-
cldenta euch ●o fires ●nd sxplGslons or rquipment

failureo such ●t loot of ● blouer, Tha codec ●re
orientad touard bui!dint ventilation cyoteme, hut
there im no reamon why thaf cbnnot be !pplied to
mine vantklction netwerk~, which ●re in some ways
much eimpler, Application to mine vmt~lation

fielworkt are preeanted b-low.

APPLKCATIOUS TO HIUC VENTILATION HETJORWS

In thit oection, ua dincurns the ●pplication of

tWO of tha cofleo outlinad ●bovo to •e~ected mine
ventila~lon netwurko. TORAC and lJXPAC will bn ueed
to model tha ventilation networkn for both ●teady-

state ●nd tranelent uolutlono.

The flrnt ●pplication ia the claanic mine uenti

tiletlon network Fhown in Fis. 2. This km tha same
natuork enalyzed by Bhamldipati ●nd Procariona

(1986). In our ●nalyaia, we havo chosen (o us.

TORAC to obtain th- steady- ttate rnolut.ion, Cqua-
tlonn (1)-.(7) ●re rnolved in an iterativa, implicit

menner with a convertanco critmrion of G,001, Ue



have added an extra branch to separate the fan from
the flow resistance between nodes 1 and 5. In ad-

dition, wa have given the fan a relatively flat

blower curve. Using the resistance values shown in

Fig. 2 end an arbitrary flow distribution, the

eteady-state results ars given in Tables 1 and 2.

The second mine ventilation problem involves us-

ing the EXPAC code to model the flow network shown

in Fig. 3. Figure 3 depicts a more realistlc, al-

though smell, mine ventilation system. The steady-

stata flows and pressures et selected branches and
nodes ●re given in Tebles 3 and 4. 10 addition to

solving for tha syetem steady-etate fl.owe and prefi-
gures, we wieh to illustrate the transient capabil-

ities of the codes.

FIGURE 2, Simple network to illustrate ●ppll-
cation of node-based network anaiysis.

TABLE 1.

1

2

3
4

5

6
7

J

TABLE 2

‘TORAC Steady-State Solutlon of rig. 2
Branr.h Flows

Flow

(c frn) (m 3/,~

99 473 46,94
46 624 2200
52 893 24.96
-3 935 -10,37
4B 955 23.10
50 661 23,91
9L) 423 4t,92
99 423 46,92

TGPAc Steady-state Solutkon of Fis. :
Nodal Prearurcs.

Presouro

i~n-&Q_-–._ __ (Po)

0.1625 40.40

0.7310 la2.ld
1 6\4’7 412,24

]b4~) 408 60
3,60]] Bq7 53

4,4031 10V6 Hl

FIGURE 3. Small mlno ventilation networkc to

illustrate application of eteady-stata and

transient ●nalyoes.

TABLE 3, Figure 3 Stnady-State Branch F1OW Ratee.

Branch ~

6 IA,16

20 6.75
23 22.22
22 20.75

4 132.15

TABLE 4. Figure 3 Steady-State Node Pres8uree.

4 0.00
15 2.069

18 A,494

17 2.22C
6 3. 08B

To illustrate the trangient capabllltie@ of the
CXPAC code, we have ●kaumed that 20 lb of TNT Qx-

plodeo ●t node 18, Ae ohown in Figs, A ●nd 5, ●

very stron~ traneienr le propagated through tht SYe-

tem. F!gure 4 show the change Ln preoture at Ilode

10, ●nd Fig. 5 shows the flow ratoe in brallchet 20
and 22, Notlcw tha eto,~g flow r’aversal in branch

20 and the increaoo in flow for branch 22.

S~RY

Ue have developed nodebaecd eolution ●lgorithm

●uitable for srbitrary flow netktorks. Theee solu-

tion ●lgorithms can be used t.o obtain steady-stute

●nd transient rolutlons Two solution fok-mw are
prc;onted- one for caceo where temp~rature ●nd dm-

●lty vnrlatlone are unimportant and one for ctseti
where they are important.

Two computer codeu, TORAC arid !SXPAC, wara ue-
lectcd to illustrate the application of the tech

niquea to mine ventilation problem~. Ths two codec

●re from a family of computar codes developed et

Los Alamoe to perform ●ccidant ●nalys~e in nuclear
faclliti~o.
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FIGURE 4. Time history of preosure at nodg 18 ba-

couso of a simulated 20-ib TUT ●xplooion.
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FICURE5. Timn history of volumetric f~ow in
branch~a 20 ■nd 22 bccaum~ of a #imulatsd 20-Lb

TNT ti~loslon nt node 18,

IWo min. ocheomatics wore analyzed. A ClaSSiCal

mine schematic (Fig. 2) was analyzed for steady-

❑tate flows using TORX. EXPAC was used to analyze

a more complicated mine ventilation mystem for both

steady-stata and tranelent fiows.

U* have presented a solution technique and com-

puter codes that can be used ●asily by the mine
ventilation couarunlty for both mine design and

●nalysis of potential accident situations involving

fires and axplosione and the associated ●erosol

movement .

REFERENCES

Andrae, R. U., Tang, P. K., HartLn, R. A., Gregory,

u. s., 1985, ‘.TORAC User’s Manual--A Computer
Code for Analyzing Tornado-Induced Flow ●nd
Material Tranoport in Nuclear Facilition,”

NUREG/CR-4260, LOB Alamo- Uational Laboratory.

Bhamidipati, S. S,, and Procarlona, J. A., 1985,

‘“Linear Analysis for the SolutLon of Flow llic-

tribution Problems in Hine Ventilation Uet-
works,” ~Ventilstion, Proceedings of the 2nd

U. S. Hine Ventilation sympcaium, University of

Nevada-Reno.

Cross, H., Uovember 1936, “Analyeis of Flow in U@t-

worke of Conduits or Conductors,” Bulletln No.

286, University of Illinoin.

Ouerre, K. H., Andrae, R U., ●nd GrWOrY, U. S.,

1918, “TVEUT--A Comput6r Prngram for Analysls of

Tornado-Induced Transients in V@ntilatlorl Sy8-
Lems,” report LA-7397-H, Los Alamo- Sciontlflc

Laboratory.

Gregory, U. S., Smith, P. R., Bolstad, J, U., ●d
Duerrn, K. H., 1979, “Analyois of Ventilation

Syntama Subjectad to Euploaive Tranaiontrn--

Initlal AIIalyEi@ ●nd Propoued Approach,” report
LA-7964-14S,Lorn Alamoa Wational Laboratory,

Nichols, B. D. ●nd Gr*tory, U. S., 19B6, “FIRAC

Uaerm’s Wnual: A Computer Cod. to Simulate

Fire Accidentn in Uuelcor Pacilitieo,” report
NUREG/CR-4561, US Wuclaar ReSul&tory ConsnLcsion.

Nichols, B. D. ●id CrQgory, U. S., 1981, “EXPAC

Unec”o Hanusl: A CcNnputar code to Siwlate EM-
ploalve Accident@ in Nuclear Fmcilitioc,” report

in praparatlon, Lom AlamoB Matlonml Laboratory.

Tang, P K., 1982, “A WOW Wum*rlcal Method for the

Tranclont Ge#-DynsmLc Code WIS61T, report

LA-(594-MS, LOO Almoo Umtlonal Laboratory.

Tang, P. K,, Andrae, R. U., Ba18tad, J, U,,

Duerro, K. H., CreRory, U. S,, 1981, “Analycis

of V@ntLlation System- Subjected to Explosive

Yranolents,” r-port LA-9094-Ms, Lon Alamon

National Laboratory.

Tang, P, K,, Andr~a, R. U., Bolstad, J. U,, and

CreRory, U, S,, 19b3, “EVENT unar’n Manual. A

Computar Codo for Analyzing Cxplulion..Induced

Oarn-Dynamic Tranniont# in ?1OW Notorks,” rapurt
LA.-9624H, Los Alamon N_*.~onal Laboratory.


